There have been many theoretical models constructed which aim to explain the neutrino masses and mixing patterns. While many of the models will be eliminated once more accurate determinations of the mixing parameters, especially sin 2 2θ 13 , are obtained, charged lepton flavor violation experiments are able to differentiate even further among the models. In this paper, we investigate various rare lepton flavor violation processes, such as ℓ i → ℓ j + γ and µ − e conversion, in five predictive supersymmetric (SUSY) SO(10) models and their allowed soft-SUSY breaking parameter space in the constrained minimal SUSY standard model. Utilizing the Wilkinson Microwave Anisotropy Probe dark matter constraints, we obtain lower bounds on the branching ratios of these rare processes and find that at least three of the five models we consider give rise to predictions for µ → e + γ that will be tested by the MEG Collaboration at PSI.
I. INTRODUCTION
The recent compilation of oscillation data from the atmospheric [1] , reactor [2] , and long baseline [3] neutrino experiments has provided solid evidence that neutrinos have small but non-zero masses.
A global fit to current data gives the following 2σ limits for the mixing parameters [4] , 
sin 2 θ 13 < 0.033 .
Since then, the measurements of neutrino oscillation parameters have entered a precision era. On the other hand, as no information exists for the value of θ 13 , the Dirac or Majorana nature of the neutrinos, the Dirac and/or Majorana CP phases, and the neutrino mass hierarchy, there are discoveries that are still yet to come.
In the Standard Model (SM), due to the lack of right-handed neutrinos and the conservation of lepton numbers, neutrinos are massless. To generate non-zero neutrino masses thus calls for physics beyond the SM. There have been many theoretical ideas proposed with an attempt to accommodate the experimentally observed small neutrino masses and the larger mixing angles among them. In
Ref. [5] , we have surveyed 63 models in the literature that are still viable candidates and have reasonably well-defined predictions for θ 13 . We found that the predictions for sin 2 2θ 13 of half of the models cover the range from 0.015 to the present upper bound of 0.13. Consequently, half of the models can be eliminated in the next generation of reactor experiments.
One of the implications of the observation of neutrino oscillation is the possibility of measurable branching ratio for charged lepton flavor-violating (LFV) decays. While not the case in the SM, predictions of the supersymmetric (SUSY) Grand Unified Theories (GUT) for these rare decays are much enhanced, as these processes are suppressed by the SUSY scale, rather than the Plank scale [6] . Furthermore, as different models obtain large neutrino mixing angles through different mechanisms, their predictions for the LFV charged lepton decays can be very distinct. Consequently, LFV charged lepton decays may provide a way to distinguish different SUSY GUT models.
Among the models aiming to explain the neutrino masses and mixing, a particularly promising class are those based on (SUSY) SO (10) ; for recent reviews of SO(10) models, see [7] . In this paper, we investigate the predictions for various LFV charged lepton decays as well as muonelectron conversion in five of the SUSY SO(10) models, assuming constrained minimal SUSY standard model (CMSSM) boundary conditions where only five soft-SUSY breaking parameters are present. Furthermore, we impose the Wilkinson Microwave Anisotropy Probe (WMAP) dark matter constraints in the neutralino, stau and stop coannihilation regions. Specifically, we present the allowed values for these soft-SUSY parameters for various branching ratios of these rare LFV processes. In addition, the lower bounds on the predictions for these rare processes in the five different SUSY SO(10) models are given. We find that the predictions in these models are very distinct. We note the crucial role of the WMAP constraints in deducing the lower bounds on the predictions.
Many authors have previously studied the branching ratio predictions for charged LFV decays in the SUSY GUT framework. Rather than study specific models, they generally adopt a generic approach and assume a nearly diagonal Cabibbo-Kobayashi-Maskawa (CKM)-like or bimaximal
Pontecorvo-Maki-Nakagawa-Sakata (PMNS)-like mixing matrix to diagonalize the Yukawa neutrino matrix [8] . Following the procedure of Casas and Ibarra [9] to invert the seesaw formula, they have carried out Monte Carlo studies by scanning the unknown right-handed neutrino mass spectrum and the angles and phases of the inversion matrix in order to present scatter plots of the rare branching ratios. A few exceptions to this procedure can be found in Ref. [10] . Here we are interested in specific models in order to determine the ability of the LFV experiments to differentiate among and rule out some models. The models chosen are highly predictive and illustrate a wide variety of textures for the charged lepton and neutrino mass matrices, and predictions for the right-handed neutrino mass spectrum and the reactor neutrino mixing angle, θ 13 .
In Sec. II we describe the five representative SUSY SO(10) models that we have analyzed.
In Sec. III we review LFV charged lepton decays in the SM and SUSY GUTs and present the predictions for the five SUSY SO(10) models considered. In Sec. IV their expectations for µ − e conversion are given. Sect. V concludes this paper.
II. PREDICTIVE SUPERSYMMETRIC GRAND UNIFIED MODELS CONSIDERED
We begin with a brief discussion of the general formalism on which the supersymmetric SO(10) grand unified models are based. For all five models to be illustrated, the seesaw mechanism [11] is of the conventional type I leading to normal hierarchies for the light Majorana neutrinos. The leptonic sector of the Yukawa superpotential at the GUT scale can then be written as
where L represents the left-handed lepton doublet, N c the left-handed conjugate neutrino singlet, and E c the left-handed conjugate charged lepton of one of the three 16 dimensional representations of SO (10) . When the two Higgs doublets, H u and H d , acquire vacuum expectation values, the charged lepton and neutrino mass matrices are generated and can be written in 6×6 form
With the entries in M R much larger than those in M N , the light Majorana neutrino mass matrix is given by the well-known type I seesaw formula [11] ,
Note that the above Dirac 3 × 3 mass matrix entries, M E and M N , are written in right -left order and appear in the SO(10) flavor basis. As such, the matrices can be diagonalized by the unitary transformations
by forming the Hermitian products, calculating the left and right unitary transformations of column eigenvectors, and phase rotating the complex symmetric M R and M ν matrices, so their mass eigenvalues are real. The PMNS neutrino mixing matrix [12] is then given by V P M N S = U † EL U νL . On the other hand for later use, it is convenient to transform to the bases where M E and M R are diagonal and denoted by primed quantities. In this case
where now V P M N S = U ′ νL , since U ′ EL is just the identity matrix. A comparison of the seesaw diagonalization matrices then reveals that the transformed Dirac neutrino matrix M ′ N in the new basis is given by
in terms of the original matrix in the flavor bases.
With either basis, the left-handed neutrino PMNS mixing matrix can be written as V P M N S = U P M N S Φ, where by convention [13] 
written in terms of the two Majorana phases, χ 1 and χ 2 , is required since an arbitrary phase transformation is not possible when one demands real diagonal neutrino mass entries in the transformation of M ν in Eq. (7) or M ′ ν in Eq. (8) . With this background in mind, we now turn to a brief discussion of the five SO(10) models we have considered for our lepton flavor violation study. The SO(10) grand unification symmetry is an economical and attractive one [7] , for all sixteen left-handed quark and lepton fields and their left-handed conjugates fit neatly into one 16 representation per family. Many models exist in the literature which differ from one another by their Higgs representation assignments and type of flavor symmetry imposed, if any. To appreciate this, it is of interest to note the following decompositions of the direct product of representations:
where in the first product the 10 and 126 matrices are symmetric, while the 120 is antisymmetric under the interchange of family indices.
Given this group structure for SO (10) , there are two general classes of models which have been extensively studied. Those with Higgs in the 10, 126, 126, and possibly the 120 and/or 210, dimensional representations are often referred to as the minimal Higgs models [14] and lead to symmetric or antisymmetric matrix elements, or a superposition of the two. The advantage is that the couplings are renormalizable and preserve R-parity, but the latter representations are of rather high rank and disfavored in the string theory framework. The other class typically involves the lower rank Higgs representations such as 10, 16, 16, 45, with some non-renormalizable effective operators formed from them, [15] but R-parity is not conserved. They can lead to lopsided mass matrices for the charged lepton and down quark mass matrices, due to the SU (5) structure present in the 16's. As such, one may anticipate that they will predict a higher level of lepton flavor violation than the first class. The SU (2) L triplet components in the Higgs representations in all five models considered have no electroweak VEV and hence lead to the conventional type I seesaw mechanism with the prediction of normal hierarchy for the light left-handed neutrino spectrum [16] . We elaborate on each model in turn but give only the neutrino and charged lepton mass matrices. All successfully predict the observed quark structure and CKM mixings.
A. Albright -Barr SO(10) Model
This model, based on SO(10) with a U (1) × Z 2 × Z 2 flavor symmetry [17] , is of the lopsided variety and has matrices of the following textures:
where the parameters have the values η = 1.
The right-handed Majorana mass matrix is given by
where a = c = 0.5828i, b = 1.7670i, Λ R = 2.35 × 10 14 GeV. One finds
.48 meV, m 3 = 49.13 meV,
A value of tan β = 5 assures that σ ≫ ǫ and that the corresponding lopsided nature of the 23 element of the down quark mass matrix gives a good fit to the results for the quark sector. The δ N , δ ′ N elements of the Dirac neutrino matrix were added [18] to the original model to give a better fit to baryogenesis arising from resonant leptogenesis involving the two lighter right-handed neutrinos [19] . Evolution downward from the GUT scale to M Z has little effect on the mixing angles due to the small tan β, the opposite CP-parity of the lighter two right-handed Majorana neutrinos, and their large hierarchy with the heaviest one; but serves to lower the values of the m i 's and ∆m 2 32 and ∆m 2 21 relative to their GUT scale values.
This model, based on SO(10) with a SU (2) × Z 2 × Z 2 × Z 2 flavor symmetry [20] , is of the minimal Higgs variety leading to symmetric entries in the mass matrices: 
One then finds 
For this model, a value of tan β = 10 is used. The effect of evolution from the GUT scale to M Z is to raise sin 2 θ 12 and to lower sin 2 θ 13 .
This model is based on SO(10) with an S 4 flavor symmetry [21] . The Higgs fields appear in six 10's, three 126's, three 126, and one 210 representations of SO (10), distinguished by their S 4 flavor assignments. Of the 14 pairs of Higgs doublets at the GUT scale, all but one pair are assumed to get superheavy. The charged lepton mass matrix is chosen to be diagonal, while the right-handed
Majorana neutrino mass matrix is proportional to the identity matrix, so all three heavy neutrinos are degenerate. The Dirac neutrino and charged lepton mass matrices are symmetric and given by
where 
A value of tan β = 10 is used to evolve the quark and charged lepton masses, though the neutrino masses and mixings have not been evolved downward to the electroweak scale.
This model is based on SO(10) with a D 3 family symmetry [22] . The charged lepton and down quark mass matrices have lopsided textures, but they are not so extreme as in the case of the Albright -Barr model: 
The evolution has been carried out with tan β = 49.98 and A 0 = −6888.3 GeV down to M Z and then down to the 1 GeV scale for the light neutrino masses.
This model is based on SO(10) with an Z 2 flavor symmetry [23] . The Higgs fields appear in one each of the 10, 120, and 126 dimensional representations of SO (10) . The fermion mass matrices are generated by renormalizable Yukawa couplings of these Higgs fields to the three families placed in 16's. The Dirac neutrino and charged lepton mass matrices are written as linear combinations of the Yukawa couplings of the 10, 120, and 126 Higgs representations, respectively, while the right-handed Majorana matrix is proportional only to the latter:
where the individual Higgs contributions to the mass matrices are given by 
in the right-left order we have adopted. We close this section by summarizing the features of these models in Table I . Three of the models have similar predictions for sin 2 θ 13 ∼ 0.0025, near the expected reach of the Double CHOOZ and Daya Bay reactor experiments [24] . One of the models predicts a value near the present upper limit placed by the CHOOZ experiment [25] , while the fifth model predicts a value of 3 × 10 −4
which is essentially beyond reach until a Neutrino Factory becomes a reality.
We shall see what potential success charged lepton flavor violation experiments will have in further distinguishing the viable models.
III. LEPTON FLAVOR VIOLATION IN RADIATIVE DECAYS
We now turn to the subject of charged lepton flavor violation that can occur in the radiative decays, µ → e + γ, τ → µ + γ, and τ → e + γ. In the SM with the addition of three massive right-handed neutrinos, we observe that the individual lepton numbers, L e , L µ and L τ , are not individually conserved. In radiative lepton decays, the flavor violation arises in one loop, where the neutrino insertion involves lepton flavor-changing Yukawa couplings of the left-handed and right-handed neutrinos; cf. Fig. 1 . The branching ratio BR21 defined by the ratio of the rate for the µ → eγ mode relative to the purely leptonic mode, µ → ν µ eν e , is given by [26] 
where the U 's are elements of the PMNS mixing matrix. Hence in the SM, the expected branching ratio is immeasurably small, and the MEG experiment [27] looking for µ → eγ would be expected to give a null result. The present upper limit of 1.2 × 10 −11 was obtained by the MEGA collaboration [28] .
In SUSY GUT models on the other hand, the leading log approximations involve sleptonneutralino and sneutrino-chargino loops which contribute to the radiative lepton decays [6] ; cf. flavor violation then arises from evolution of the Yukawa couplings and soft-breaking parameters from the GUT scale down to the electroweak scale [30] .
Feynman diagrams for the LFV radiative decays in leading log approximation involve both neutralino -slepton (χ 0 −l) loops and chargino -sneutrino (χ ± −ν) loops with the emitted photon attached to the internal charged slepton or chargino, respectively. Through evolution from the GUT scale, the LFV neutrino Yukawa couplings are induced primarily in the mass squared submatrix for the SU (2) L doublet sleptons, m 2 L (LL). We do not repeat the details here for this complicated calculation but rather refer the reader to the pioneering paper of Hisano, Moroi, Tobe, and Yamaguchi [30] . We simply note that the radiative decay rate is given by
where (n) and (c) refer to the neutralino and chargino loop contributions to the transition form factors A L and A R connecting leptons of opposite chirality. The branching ratio for the flavorviolating decay mode relative to the flavor-conserving purely lepton mode is then
In the leading log approximation with the largest contribution coming from the left-handed slepton mass matrix, the branching ratio is given by
where (m
with the Yukawa couplings specified in the lepton flavor basis and the right-handed Majorana matrix diagonal, so M k is just the kth heavy right-handed neutrino mass, while M G is the GUT scale typically equal to 2×10 16 GeV and m s is some typical SUSY scalar mass. Petcov and collaborators [31] have shown that the full evolution effects as first calculated in [30] can be extremely well approximated by Eq. (29), if one sets
While the branching ratio for µ → e+γ is well approximated by the above equations, the branching ratios for τ → µ + γ and τ → e + γ must be scaled by the branching ratios for the flavor-conserving leptonic modes relative to their total decay rates.
We see that the MEG experiment [27] has no chance of observing a positive signal in the SM for the µ → eγ decay channel; however, the situation will be totally different for the SUSY GUT models we have chosen to consider. In the CMSSM with universal soft-breaking parameters (c) the branching ratio for τ → µγ vs. that for µ → eγ, on a log-log plot, which are related by log BR(τ → µγ) = log BR(µ → eγ) + log(BR32/BR21) + log BR(τ → ν τ µν µ )
= log BR(µ → eγ) + log
where
, and again the Yukawa matrices are converted to the lepton flavor basis with M R diagonal. Due to the factorization of the soft-breaking parameters and the GUT model parameters in the approximate Eq. (29), the slope is unity, and the intercept is just the sum of the last two terms after correcting for the τ → ν τ µν µ branching ratio. The length of the straight line segment depends on the range of the soft-breaking parameters chosen. A similar plot can be made for the branching ratio for τ → eγ vs. that for µ → eγ.
For all three types of plots we have imposed the following soft parameter constraints [13] : In addition it is desirable to impose WMAP dark matter constraints in the neutralino, stau or stop coannihilation regions [33] , where the lightest neutralino is the LSP. These more restrictive constraints are well described by the quadratic polynomial for the soft scalar mass in terms of the soft gaugino mass [34] :
where m 0 is bounded since M 1/2 is bounded. If M 1/2 is too small, the present experimental bound on the Higgs mass [13] of m h > ∼ 114.4 GeV may be violated or the neutralino relic density in the early universe will be too small, while if M 1/2 is too large the neutralino relic density will be too large. We shall impose both limits on the DM constraint conditions for various values of A 0 and find that both lower and upper limits are placed on the branching ratios for each model. One sees that higher values of BR21 are predicted for a given value of M 1/2 as |A 0 /m 0 | increases.
For the AB and GK models the experimental branching ratio greatly limits the allowed ranges of A 0 /m 0 , while for the Chen-Mahanthappa (CM), Cai-Yu (CY), and DR models the dark matter constraints limit the allowed ranges of A 0 /m 0 . In any case, the minimum predicted BR21 branching ratio occurs for A 0 = 0.
One can also present similar scatter plots for the τ → µγ and τ → eγ decay modes. Since all three decay modes are intimately related in each model through the corresponding logarithmic terms such as that in Eq. (32), the same scatter points will appear with only the color-coding changed (assuming one imposes the BR21 experimental limit for each plot).
Instead, we present two log-log plots for the BR32 and BR31 branching ratios against that for BR21 in Figs limit, respectively [35] . It is clear from these two plots that the ongoing MEG experiment stands the best chance of confirming the predictions for or eliminating the GK and AB models. Even with a super-B factory [36] , the present experimental bounds on the BR32 and BR31 branching ratios can only be lowered by one or two orders of magnitude at most.
But recall that the line segments apply for the special case of A 0 = 0. If one allows A 0 to depart on the branching ratios are robust in Figs. 8, 9 and 11. However, it is clear that ratios of the branching ratios remain fixed for each model for any allowed A 0 /m 0 . We present these ratios for the τ and µ − e conversion branching ratios relative to the µ → eγ branching ratio in Table II . The spread in numbers for the ratios in different models appears to be greater than that anticipated by the authors of Ref. [37] for the class of models considered here.
In Table III we summarize the relevant findings from our study of the five models. The branching ratio ranges apply for the A 0 = 0 case and with the stricter WMAP dark matter constraints (1. GK and AB models will be tested first with the MEG experiment. From our discussion it is then clear that the LFV branching ratios are more sensitive to large M 3 than to large θ 13 in the models considered.
Models sin
In previous generic studies of SUSY GUT models, the rare branching ratios were nearly equally sensitive to each of the two parameters [39] .
IV. LEPTON FLAVOR VIOLATION IN µ − e CONVERSION
It is also of interest to consider lepton flavor violation in the µ to e conversion process in Titanium, µ + T i → e + T i. While there is no such ongoing experiment, preliminary discussion is underway to propose one which will lower the present limit. We shall see that the conversion rate predictions relative to the muon capture process, µ + T i → ν µ + Sc, are such that all five models considered in this paper can potentially be eliminated, if no signal is observed.
While predictions for the conversion process in the SM are infinitesimally small, large enhancements in the CMSSM framework again occur by virtue of massive super partners appearing in loop diagrams involving γ, Z and Higgs penguins and boxes. Of these, Arganda, Herrero and Teixeira have shown that the γ penguin contributions dominate the others by at least two orders of magnitude [40] . The slepton-neutralino and sneutrino-chargino loop contributions to the γ penguins are shown in Fig. 10 . The virtual massive N c andÑ c with their Yukawa couplings again appear in the slepton loops along with a higgsino or Higgs particle, respectively.
The complex formulas for lepton flavor violation in this process were first derived by Hisano, Moroi, Tobe, and Yamaguchi [30] . If we restrict our attention to the γ penguin contribution as suggested by Arganda et al. [40] , one finds the µ − e conversion rate is given by
where here A by A L,R . For a 48 22 T i target, Z eff = 17.6 and the nuclear form factor is F (q 2 ≃ −m 2 µ ) ≃ 0.54 [30] . In the case of the conversion process, we have explicitly carried out the full evolution running from the GUT scale to the Z scale. The µ − e conversion branching ratio is then obtained from the conversion rate above by scaling it with the µ capture rate on T i, which is quoted in [41] as (2.590 ± 0.012) × 10 6 sec −1 with the present experimental limit on the conversion branching ratio found to be R ≤ 4 × 10 −12 .
In Fig. 11 . we show a plot of the µ − e conversion branching ratio vs. the µ → eγ branching ratio for each of the five models considered. We have limited the line segments by applying the WMAP dark matter constraints of Sec. III. It is clear that the GK and AB models would be tested first, followed by the DR, CY and CM models. In fact, a first generation µ − e conversion experiment may be able to reach a branching ratio of 10 −17 , while a second generation experiment may lower the limit from the present value down to 10 −18 [42] . If such proves to be the case and no signal is seen, all five models will be eliminated. Hence the conversion experiment is inherently more powerful than the MEG experiment looking for µ → eγ which is designed to reach a level of 10 −13 − 10 −14 , sufficient only to eliminate the GK and AB models. The caveat, of course, is that MEG is now starting to take data, while no new conversion experiment has been approved to date. 
V. CONCLUSIONS
There have been many theoretical models constructed which aim to explain the neutrino masses and mixing patterns. While the predictions for the value of θ 13 in these models may provide a way to distinguish some of these models, as shown in the survey over 63 models we have carried out in Ref. [5] , the rare LFV processes, such as µ → e + γ and µ − e conversion can provide an even more sensitive way to disentangle these models. We have investigated these rare processes in five SUSY SO(10) models that are currently still viable and highly predictive, making use of the allowed parameter space for the soft SUSY breaking parameters in the CMSSM framework.
Utilizing the WMAP dark matter constraints, lower bounds on the branching ratios of these rare processes can be placed, and we find that at least three of the five models considered give rise to prediction for µ → e + γ that will be tested at MEG. More interestingly, the next generation µ − e conversion experiment should be sensitive to the predictions of all five models, making it an even more robust way to test these models. While generic studies have emphasized the important dependence of the branching ratios on the reactor neutrino angle, θ 13 , and the mass of the heaviest
